We report the genomic occupancy profiles of the key hematopoietic transcription factor GATA-1 in pro-erythroblasts and mature erythroid cells fractionated from day E12.5 mouse fetal liver cells. Integration of GATA-1 occupancy profiles with available genome-wide transcription factor and epigenetic profiles assayed in fetal liver cells enabled as to evaluate GATA-1 involvement in modulating local chromatin structure of target genes during erythroid differentiation. Our results suggest that GATA-1 associates preferentially with changes of specific epigenetic modifications, such as H4K16, H3K27 acetylation and H3K4 di-methylation. Furthermore, we used random forest (RF) non-linear regression to predict changes in the expression levels of GATA-1 target genes based on the genomic features available for pro-erythroblasts and mature fetal liver-derived erythroid cells. Remarkably, our prediction model explained a high proportion of 62% of variation in gene expression. Hierarchical clustering of the proximity values calculated by the RF model produced a clear separation of upregulated versus downregulated genes and a further separation of downregulated genes in two distinct groups. Thus, our study of GATA-1 genome-wide occupancy profiles in mouse primary erythroid cells and their integration with global epigenetic marks reveals three clusters of GATA-1 gene targets that are associated with specific epigenetic signatures and functional characteristics.
INTRODUCTION
The critical functions of transcription factors in establishing lineage-specific transcription programs have been firmly established through genetic studies [reviewed in (1, 2) ]. Furthermore, the recent development and application of high-throughput methodologies for the genomewide mapping of transcription factor binding patterns by chromatin immunoprecipitation (ChIP) coupled to massive parallel sequencing (ChIP-seq) [reviewed in (3) ] has led to an unprecedented view of the gene target networks that transcription factors regulate during differentiation.
Erythropoiesis is a dynamic multistep process involving the terminal differentiation of erythroid progenitors to enucleated red blood cells [reviewed in (4) ]. Erythroid cell differentiation is a well-characterized process; thus, it makes for an ideal model system to study the molecular events driving terminal cell differentiation. The various differentiation stages of committed erythroid cells are distinguishable by the differential expression of specific cell surface markers (5) and unique morphologies (6) . For example, Ter119 is one of the key cell surface erythroid-specific antigens expressed primarily by terminally differentiating erythroblasts and is widely used to separate mature erythroid cells from proerythroblasts (5, 7) . Lineage commitment from multipotent progenitors to committed erythroid precursors and terminally differentiated erythrocytes involves the activation of the erythroid transcription program and the repression of alternative hematopoietic lineage programs [reviewed in (8) ].
GATA-1 is a critical transcription factor that is involved in both of these regulatory functions in erythroid differentiation (9, 10) and is thus essential for the terminal differentiation of erythroid cells and of other hematopoietic lineages [reviewed in (11) (12) (13) ]. Most, if not all, known erythroid genes include GATA-binding sites near their promoters, including those for Gata1 itself, Gata2, Klf1 and Scl/Tal1 [reviewed in (4) ]. Several lines of evidence have suggested that GATA-1 binding promotes changes in the epigenetic landscape of target genes (14) (15) (16) , and GATA-1 has been reported to interact with several hematopoietic transcription factors, as well as chromatin remodeling and modification factors, such as the NuRD complex, histone acetyl transferases and polycombgroup members (4, 11, 16) . Significantly, enforced ectopic GATA-1 expression in highly purified murine progenitor cells (myeloid or lymphoid) reprograms their differentiation towards the erythroid and megakaryocytic lineages that GATA-1 normally regulates (17) (18) (19) . Thus, GATA-1 is capable of imposing an erythroid transcription program in myeloid-derived hematopoietic lineages, establishing it as a 'master' erythroid transcription factor. Moreover, epigenetic changes and changes in gene expression profiles occur as the net result of altered GATA-1 genome wide occupancy, to allow for the completion of the erythroid maturation program [reviewed in (4, (20) (21) (22) ]. Several reports have previously described the GATA-1 genome-wide occupancy by ChIP-seq in mouse (16, 23, 24) and human (25) erythroid cell lines, or in in vitro differentiated mouse embryonic stem (ES) cells (26) , in a megakaryocytic cell line (27, 28) and in primary human megakaryocytes (29) . These studies agree in that (i) GATA-1 binds mostly to sequences that are distal to promoters; (ii) GATA-1 targets include genes that are both activated and repressed with differentiation; (iii) GATA-1 gene targets are enriched for histone H3K4 methylation marks; and (iv) there is a strong positive correlation between activated GATA-1 target genes and binding of the SCL/TAL-1 complex (30) . In addition, the integration of GATA-1 ChIP-seq data with those for SCL/TAL-1 and KLF1 led to the identification of a few hundred gene targets that are common to all three factors (26, (30) (31) (32) , proposed to represent a core erythroid network enriched for genes involved in erythroid differentiation (26) .
The genome-wide GATA-1-binding patterns in mouse primary fetal liver-derived erythroid cells have only been reported in the context of providing limited validation for GATA-1 ChIP-seq data in erythroid cell lines (23, 33) , and their complete analysis, to our knowledge, has never been presented. In this report, we provide for the first time the ChIP-seq analysis of in vivo GATA-1 occupancy profiles in fetal liver-derived Ter119 À proerythroblasts and Ter119 + mature erythroid cells. Furthermore, we integrate these data with publicly available genome-wide occupancy profiles in fetal liver erythroid cells for other critical erythroid transcription factors and for histone tail post-translational modifications, leading to the description of three classes of GATA-1 gene targets with distinguishable epigenetic profiles and functional associations.
MATERIALS AND METHODS

Cell culture
Fetal liver cells were dissected from day E12.5 C57/BL6 mouse embryos and expanded for 3 days in serum-free medium, as before (34) . Fractionation of Ter119
À erythroid progenitors and Ter119 + differentiated erythrocytes was carried out as previously described (35) .
GATA-1 ChIP sequencing and data analysis
Formaldehyde-cross-linked chromatin from 1 Â 10 7
Ter119
+ or Ter119 À cells was prepared as previously described (35) . Pilot experiments showed that rabbit polyclonal antibody Ab11852 (Abcam) gave the highest enrichment for GATA-1 binding to the À3.5-kb HS1 of the GATA-1 gene locus (data not shown). Anti-GATA1 ChIPed DNAs from Ter119 À and Ter119 + chromatin and from a 'no antibody' control (input DNA) were processed for deep sequencing using the Illumina Genome Analyzer II platform according to Illumina protocols (www. illumina.com). Deep sequencing was carried out in duplicate for each ChIP sample and once for input DNA controls. All 51-nt sequence reads thus produced were mapped to the NCBI37/mm9 Mouse Genome Assembly using the Eland software (Illumina). Sequence reads with multiple genome alignments and/or more than two nucleotide mismatches were excluded. Peak calling was performed using the QuEST algorithm (36) . Each sample was analyzed versus the control data set using a strict fold change (sample/control >50), a false discovery rate threshold of 0.001 and a peak score threshold of 70. Sequencing data have been deposited in EBI's European Nucleotide Archive (ENA, http://www.ebi.ac.uk/ena/), accession number: E-MTAB-1504.
GATA-1 target gene identification
Gene location data used in the mapping analyses were extracted from BioMart (37) using the Ensembl transcript database (build 59). Gene mapping analyses were carried out by custom in-house Perl and R scripts. RNAsequencing gene expression data for Ter119 À and Ter119 + erythroid cells were downloaded from the GEO database (38) using accession number GSE32110. Total gene score (TGS) was calculated for each expressed gene separately and corresponds to the sum of the enrichment values of GATA-1 peaks that overlap the gene's transcription start site (TSS) within a given distance window. Target genes with TGS scores <100 were discarded from subsequent analyses.
Random forest regression analysis
Random forest (RF) non-linear regression analysis applied to model changes in gene expression and histone modification levels is described in greater detail in Supplementary Methods.
Mouse fetal liver genomic occupancy database
The genome-wide transcription factor (TF) occupancy and histone modification profiles presently available for Ter119 À and Ter119 + fetal liver cells were downloaded from the GEO database using accession numbers GSE27893 (H3K4me2, H3K4me3, H3K9Ac, H3K27me3, H3K36me3, H3K79me2, H4K16Ac and RNApolII), GSE27918 (H3K4me1 and H3K27Ac), GSE18720 (SCL/TAL1 Ter119 À ), GSE30142 (SCL/ TAL1 Ter119 + ) and GSE21950 (PU.1). For the GSE27893 data sets, genomic occupancy profiles (wig files) were provided in 25-nt genomic bins, whereas MACS (39) with default parameters was used to create density profiles for the GSE27918, GSE18720, GSE30142 and GSE21950 data sets. TGS score for each genomic feature was calculated as the sum of the background corrected number of reads present in the density profiles that mapped within a 10-kb window upstream or downstream a gene's TSS. Subsequently, TGS scores were mean normalized in all data sets (additional file 4).
RESULTS AND DISCUSSION
In vivo GATA-1 genomic occupancy profiling in fetal liver-derived erythroid cells
To identify genome-wide differential GATA-1-binding patterns during erythroid differentiation in vivo, we performed GATA-1 ChIP on Ter119 À proerythroblasts and Ter119 + mature erythroid cells fractionated from day E12.5 mouse fetal liver cells, followed by high throughput massive parallel sequencing. ChIPed DNA from Ter119 À and Ter119
+ cells was sequenced in duplicate to generate 18.2 and 15.3 million uniquely mapped sequence reads, respectively ( Figure 1A ). Using the QuEST peak-calling algorithm (36), we assembled the unique non-redundant sequence reads for each replicate into peaks that identify potential GATA-1 bound regions across the genome. For both samples, we took the union of the peaks of the two replicates, resulting in 9795 and 14 239 peaks for the Ter119 À and Ter119 + samples, respectively ( Figure 1A ). Visualization in both the Ter119 À and Ter119 + data sets of peaks in known GATA-1 target gene loci, such as b-globin, Gata1, Gata2, Klf1 or Scl/Tal1 gene loci (10, 30, 40, 41) , or in the Zbtb7 locus that was recently identified as a GATA-1 gene target (16) , provided early validation for our sequencing data ( Figure 1B) .
Plotting the distances of all identified peaks from annotated gene TSSs for both Ter119 À and Ter119 Figure S1B) . By and large, our data on GATA-1 peak distribution do not differ significantly between Ter119 À and Ter119 + cells.
Peak assignment to potential GATA-1 gene targets
We next sought to assign specific genes to the GATA-1 peaks identified in the Ter119 À and Ter119 + data sets. This is usually done by nearest gene assignment or by assigning peaks that fall within a given window around a gene's TSS and/or transcription end site (TES) (42) . As this has led to differences in target gene assignments in different GATA-1 ChIP-seq studies (43), we used a systematic approach to identify the gene assignment parameters that would provide the most significant association between GATA-1 occupancy and changes in the expression profile of the potential target gene. In quantifying the association between GATA-1 occupancy and the expression profiles of the target genes identified by each assignment method, we constructed a series of RF-based prediction models (44), using GATA-1 occupancy features as predictors of the target gene's expression profile (Supplementary Methods).
We combined the gene assignment parameters with the RNA-sequencing expression data obtained in Ter119 . We scored for GATA-1 peaks found within windows of increasing size (i.e. ±1, ±2, ±5, ±10 and ±20 kb) around a gene's TSS, or within a region extending from À20 kb from a gene's TSS to+10 kb from a gene's TES, or by assigning peaks to the nearest TSS (Figure 2A ). The number of potential GATA-1 target genes thus identified varied from 919 to 4551 expressed genes in Ter119 À cells and from 1008 to 5080 in Ter119 + cells, depending on the assignment parameters ( Figure 2A and Supplementary  Table S1 ).
Each potential GATA-1 target gene was next ascribed a number of features based on the GATA-1 occupancy profiles in Ter119 À and Ter119 + cells. These features included the TGS, defined as the sum of the GATA-1 peak scores assigned to it, the difference in TGS score between Ter119
À and Ter119 + cells, the highest GATA-1 peak score assigned to the gene, the minimum and maximum distances of assigned GATA-1 peaks from the gene's TSS and the total number of assigned GATA-1 peaks, thus resulting 11 features per gene in Ter119 À and Ter119 + cells (Figure 2A ). Based on the R 2 values calculated for each model (Supplementary Methods), the most accurate ensemble of GATA-1 target genes in erythroid cells was obtained by assigning genes harboring a GATA-1 peak within a ±10-kb window of their TSS (R 2 = 0.14, 3651 genes; Figure 2B and Supplementary Data set S1).
Analysis of GATA-1 target genes
Based on the ±10-kb mapping, 2590 and 2826 potential GATA-1 target genes were identified in the Ter119 À and Ter119 + data sets, respectively. The union of the two data sets yielded 3651 potential GATA-1 target genes, of which 1765 genes were common to both Ter119
À and Ter119 + data sets, thus giving an intersection of 48.3% ( Figure 3A and B). By contrast, 825 (22.6%) and 1061 (29.1%) genes were unique to the Ter119 À or Ter119 + cells, respectively ( Figure 3C ). These data reveal a considerable conservation of GATA-1 target genes throughout erythroid differentiation.
To further facilitate the differential analysis of potential GATA-1 gene targets in Ter119
À and Ter119 + cells, we arbitrarily divided all genes into three categories on the basis of their TGS (summarized in Supplementary Table  S2 ). Inspection of the three classes of genes led to a number of observations. First, it is clear that Class I (TGS > 500) includes most of the well-established GATA-1 erythroidspecific target genes [i.e. the Gata1 locus itself, Gata2, the b-globin locus (especially the locus control region), EpoR, Nfe2, Slc4a1, Gypa, Tal1, Lrf, Klf1, Nrf2, Runx1 and Alas2] ( Figure 3B ). Class I target genes are also markedly enriched in erythroid-related ontologies (Supplementary Table S2 ). Thirdly, mobility of an appreciable fraction of GATA-1 targets within the three classes is seen as erythroid differentiation proceeds from Ter119 À to Ter119 + cells (Supplementary Table S2 ). More specifically, of the 1765 genes that are bound by GATA-1 in both Ter119
À and Ter119 + cells, 480 genes (27%) show reduced GATA-1 binding in mature Ter119
+ cells compared with Ter119
À cells, whereas, 353 genes (20%) transitioned to a higher class as a result of higher enrichment for GATA-1 binding with erythroid differentiation ( Figure 3D and Supplementary Table S2 ). Gene Ontology (GO) analysis using DAVID (46) of genes transitioning to lower categories with erythroid differentiation, revealed a relative enrichment for genes involved in immune and early hematopoietic pathways, myeloid differentiation and immune response activation (Supplementary Figure  S3A) , for example, Kit, Hhex and Zfp36 genes (Supplementary Figure S4) . Genes transitioning to a higher category showed a relative enrichment in oxygen response pathways, chromatin organization and modification and cell cycle regulation (Supplementary Figure S3B) , which are all processes associated with mature erythroid physiology. Examples include the Slc4a1, Cat and Urod genes (Supplementary Figure S5) . Overall, we find that genes representing the erythroid transcription program are highly enriched for GATA-1 binding throughout differentiation.
Epigenetic landscape of GATA-1 target genes
To obtain a more global insight into the regulatory events taking place during erythroid differentiation, we (Table 1) . For all subsequent analyses, the TGS scores were based on the read density profiles produced for each experiment within a 10-kb window around each gene's TSS (see 'Materials and Methods' section).
To characterize the epigenetic landscape of GATA-1 occupied regions, we calculated the linear correlation between TGS scores of GATA-1 target genes and the TGS score calculated for each of the other TF occupancy profiles and epigenetic marks ( Figure 4A ). Based on this analysis, we observe that GATA-1 occupancy strongly Figure 4A ). Interestingly, GATA-1 occupancy correlates highly with the levels of H4K16Ac mark in both early and late stages of erythroid differentiation (R Ter119À = 0.49, R Ter119+ = 0.58) and with the levels of the enhancer related H3K27Ac and H3K4me1 marks (the latter data were only available for Ter119 
GATA-1 occupancy profiles can be predictive of the variation in specific histone tail modifications
Previous studies have associated GATA-1 with the acquisition of the H3K79 methylation mark (15) and with the formation of erythroid-specific histone H3 and H4 acetylation patterns (14) . We thus tested for possible GATA-1 associations with changes in specific histone modifications in erythroid differentiation. We used RF (44) to build a series of regression models that can predict the changes in the levels of histone tail modifications between Ter119 À and Ter119 + cells, on the basis of GATA-1 occupancies (Supplementary Methods). A highly predictive model would provide an indirect indication of GATA-1 modulating specific aspects of the epigenetic landscape in differentiating erythroid cells. The results summarized in Figure 4C show that GATA-1 occupancy can be related, to varying extents, to the variation of all tested histone tail modifications. However, the most predictive models were obtained for the H3K79me2, H3K4me2, H3K4me3 and H4K16Ac histone marks (Supplementary Results), consistent with previous observations connecting GATA-1 to specific histone-modifying enzymes, such as CBP/p300, Dot1l and HDACs (15, 49, 50) . Our results also show that GATA-1 preferentially associates with the H4K16 acetylation mark, rather than the H3K9 acetylation (R 2 H4K16Ac = 0.28 and R 2 H3K9Ac = 0.20), thus refining previous observations on GATA-1-mediated H3 and H4 acetylation patterns in erythroid-specific gene loci (14) .
As genome-wide data for H3K27 acetylation are not presently available in Ter119 À cells, we were unable to model the variation in H3K27Ac with erythroid differentiation as we did above for H4K16 and H3K9 acetylation.
Thus, to include H3K27Ac in our analysis, we modeled the absolute levels of all three available histone acetylation modifications in Ter119 + cells, i.e. H3K27, H4K16 and H3K9. We found GATA-1 occupancy to be a good predictor for all three acetylation marks, with H3K27Ac showing the highest degree of correlation and H3K9Ac the lowest (R (49), the latter having a specificity for acetylating both H4K16 and H3K27, but not H3K9 (51, 52) .
We also found a high correlation between GATA-1 occupancy and the variation in histone H3 methylation levels. Notably, GATA-1 seems to be associated more with changes in the di-methyl mark as opposed to those in the tri-methylation mark of lysine 4 (R 2 H3K4me2 = 0.35 and R 2 H3K4me3 = 0.29). This observation may be related to recent findings, suggesting a tissue-specific regulatory role for H3K4me2, independently of H3K4me3 (53, 54) . By contrast, GATA-1 occupancy is a poor predictor of changes in the levels of the H3K27me3 mark (R 2 = 0.07), suggesting that GATA-1 binding by itself is not a primary determinant for the genome-wide deposition of H3K27me3 marks during terminal erythroid differentiation.
A second series of regression models was built by including the occupancy profiles of the hematopoietic SCL/TAL-1 and KLF1 transcription factors (30) (31) (32) (33) with those of GATA-1 in the RF training data sets (Supplementary Methods). We noticed a higher performance for all the regression models tested compared with GATA-1 alone ( Figure 4C ), suggesting that SCL/TAL-1 and KLF1 may be involved together with GATA-1 in modulating epigenetic modifications. Importantly, the additional information derived from the inclusion of SCL/TAL-1 and KLF1 occupancies is more pronounced for specific histone modifications. The highest overall increase was observed for the H3K27me3 (182%), whereas the acetylation of H3K9 showed an increase of 101% ( Figure 4C ). These observations support the notion that distinct erythroid TF complexes are implicated in the deposition of specific epigenetic marks. Overall, our results show that GATA-1 is involved in the regulation of a large subset of target genes through the modulation of specific epigenetic events and further suggest that GATA-1 binding preferentially associates with specific histone tail modifications, such as H4K16 and H3K27 acetylation and H3K4 methylation.
Modeling gene expression of GATA-1 gene targets
Of the 3651 genes identified as GATA-1 target genes, 321 genes are upregulated by >2-fold with differentiation, 1941 genes are downregulated by >2-fold and 1390 genes show <2-fold variation between Ter119 À and Ter119 + erythroid cells (45) . As both GATA-1 occupancy and the epigenetic landscape are involved in the regulation of GATA-1 differentially expressed target genes (2258 genes), we integrated all of the available information (Table 1) 5B and Supplementary Table S4 ), in accordance with the findings of Wong et al. (45) . Changes in H3K4 methylation levels closely followed, whereas changes in GATA-1 occupancy were found to be in a group of almost equal ranking comprising H3K9Ac, RNApolII and H4K16Ac. It is interesting to note that the most predictive features (H3K79me2 and H3K4 methylation) can be, at least in part, associated with GATA-1 itself, as shown earlier in the text. This observation further consolidates the notion that part of the GATA-1 regulatory function is exerted through the modulation of the epigenetic landscape of its target genes.
To identify clusters of GATA-1 target genes bearing similar epigenetic profiles, we performed hierarchical clustering of the gene proximity values calculated by the RF regression model ( Figure 5C and Supplementary Methods). This approach produced a clear separation of upregulated from downregulated genes ( Figure 5D ). Additionally, the branch corresponding to the downregulated genes is further dissected in two distinct gene clusters ( Figure 5D ). To assay for any functional distinction between these three clusters, we performed GO analysis using the DAVID online tool (46) . Not surprisingly, the upregulated gene cluster (Cluster 3, 309 genes) showed high enrichment for all the heme biosynthetic processes and erythrocyte differentiation ( Figure 5F ) and contained genes like a-and b-globin, Scl/Tal1, Slc4a1 and Alas2. Interestingly, the analysis of the two clusters associated with downregulated genes revealed clearly distinct functional properties. Cluster 1 (1186 genes) was highly enriched for genes involved in RNA processing, the translation machinery and ribosome biogenesis, whereas Cluster 2 (763 genes) was enriched in genes involved in hematopoiesis, immune system development, myeloid and lymphoid cell differentiation and cell proliferation and included genes like PU.1, c-Kit, Lyn, Cebp, Hif1a, Runx1 and members of the Stat and Smad families.
Significantly, the three clusters show distinct epigenetic signatures ( Figure 5E ). Cluster 3 (upregulated genes) shows the highest levels of GATA-1, SCL/TAL-1 and KLF1 occupancy and also the highest levels of the activating and elongating histone marks. By contrast, Cluster 2, enriched in downregulated genes involved in alternative hematopoietic lineages, was associated with the highest levels of H3K27me3 histone modification and the lowest enrichment levels for all three TFs and activating and elongating histone marks. It is of interest that the majority of the GATA-1 target genes found by Yu et al. (16) to also display H3K27me3 marks, e.g. Gata2, c-kit and so forth, partition within this cluster. Cluster 1, enriched in downregulated genes involved in house-keeping processes, is characterized by the lowest levels of H3K27me3, low levels of TF occupancy and intermediate to low levels of activating and elongating marks. Even though Cluster 1 is composed of genes that exhibit decreasing mRNA levels, the lack of the H3K27me3 mark and the persistence of activating and elongating marks could be an indicator of gene expression that is maintained at low levels, or is in the process of being extinguished. By contrast, genes composing Cluster 2 show a more severe downregulation with high levels of the polycomb-group H3K27me3 repressive mark, suggesting that a repressive epigenetic memory mechanism is in place. In fact, if we compare the absolute mRNA levels through stages R2-R5 of erythroid differentiation (45), we find significantly lower mRNA levels for Cluster 2 genes (alternative lineages) compared with Cluster 1 (protein production) (P < 2.2e-16, Wilcoxon rank-sum test) (Supplementary Figure S6) . Our findings significantly extend previous observations made by Cheng et al. (24) using a limited number of GATA-1 target genes in G1E cells, in which they divided repressed genes in two classes: one enriched in H3K27me3 marks and depleted for SCL/TAL-1 binding and the second class depleted for H3K27me3 marks and enriched for SCL/TAL-1 binding.
Collectively, our data reinforce previous observations for GATA-1 regulating the erythroid differentiation process at multiple levels [reviewed in (8) ]. First, GATA-1 positively regulates the expression of erythroidspecific genes and genes involved in the production of mature hemoglobin molecules. Second, it negatively regulates the expression of genes involved in early hematopoietic differentiation and alternative myeloid and lymphoid lineages, by completely shutting them down to allow terminal erythroid differentiation to proceed. Third, it is directly involved in the reduced expression of the mRNA maturation and translation machinery, adjusting it to the reduced needs of the enucleated mature erythrocyte. Importantly, our work shows that specific epigenetic signatures are associated with functionally different subsets of GATA-1 target genes, thus suggesting a degree of plasticity in the regulatory functions of GATA-1.
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